ABSTRACT: The mechanical output of contracting cardiomyocytes, the muscle cells of the heart, relates to healthy and disease states of the heart. Culturing cardiomyocytes on arrays of elastomeric microposts can enable inexpensive and high-throughput studies of heart disease at the single-cell level. However, cardiomyocytes weakly adhere to these microposts, which limits the possibility of using biomechanical assays of single cardiomyocytes to study heart disease. We hypothesized that a stable covalent attachment of laminin to the surface of microposts improves cardiomyocyte contractility. We cultured cells on polydimethylsiloxane microposts with laminin covalently bonded with the organosilanes 3-glycidoxypropyltrimethoxysilane and 3-aminopropyltriethoxysilane with glutaraldehyde. We measured displacement of microposts induced by the contractility of mouse neonatal cardiomyocytes, which attach better than mature cardiomyocytes to substrates. We observed time-dependent changes in contractile parameters such as micropost deformation, contractility rates, contraction and relaxation speeds, and the times of contractions. These parameters were affected by the density of laminin on microposts and by the stability of laminin binding to micropost surfaces. Organosilane-mediated binding resulted in higher laminin surface density and laminin binding stability. 3-glycidoxypropyltrimethoxysilane provided the highest laminin density but did not provide stable protein binding with time. Higher surface protein binding stability and strength were observed with 3-aminopropyltriethoxysilane with glutaraldehyde. In cultured cardiomyocytes, contractility rate, contraction speeds, and contraction time increased with higher laminin stability. Given these variations in contractile function, we conclude that binding of laminin to microposts via 3-aminopropyltriethoxysilane with glutaraldehyde improves contractility observed by an increase in beating rate and contraction speed as it occurs during the postnatal maturation of cardiomyocytes. This approach is promising for future studies to mimic in vivo tissue environments.
INTRODUCTION
Heart disease is the main cause of death in developed nations 1 and presents a heavy financial burden on public and private spending. 1 Abnormal heart mechanical output is indicative of failure and disease. 2 The profile of cell shortening 3 and force generation 4 in the contractility of single cardiomyocytes, the muscle cells of the heart, has been related to pathophysiological properties. 5 However, the roles of single-cell contractility and of the extracellular factors that control it are still poorly understood. Changes in the composition and morphology of the extracellular matrix that occur during heart development 6 and heart disease 7 affect the activity of cardiomyocytes. 8 Therefore, systems that can simultaneously measure cellgenerated forces and expose cells to tunable extracellular composition are needed to study biomechanical phenotypes. Culturing cardiomyocytes on polydimethylsiloxane (PDMS) micropost arrays can enable a simple and inexpensive assay of force generation 9, 10 that offers the potential for highthroughput investigations of myocardial health based on single-cell mechanobiology. Other methods have been developed to measure the forces generated by contractile cardiomyocytes, such as atomic force microscopy, 11 micropipette aspiration, 12 and carbon fibers/glass rods connected to piezoelectric actuators. 4 These techniques are not readily scalable for highthroughput investigations and require skilled technical expertise, limiting their potential for biological studies.
Murine cardiomyocytes have been used for decades in the study of cardiac biology at the single-cell level, 13 but the use of these cells in single-cell mechanobiology studies is limited by their low adhesion to common culture substrate materials. 14 Here we used single neonatal cardiomyocytes (neoCMs) because they can be cultured for longer times and have been extensively used as models to study cardiomyocyte mechanobiology. 15 The role of the adhesion of the extracellular matrix to PDMS microposts in neoCM mechanobiology has not been reported. The efficiency of neoCM adhesion to microposts functionalized with physisorbed cellular adhesive proteins after oxidation is low. 10 We hypothesized that a more stable attachment of extracellular matrix proteins to the surface of microposts will improve adhesion and affect the biomechanical activity of neoCMs. For example, the availability, attachment, and density of cell ligands on the substrate surface affect the mechanobiology of other types of adhesive cells. 16−18 NeoCMs are usually cultured on laminin-coated substrates. 19 In vivo, laminin physically connects cardiomyocytes to the connective tissue 20 and mediates the internalization of extracellular mechanical cues. 21 Laminin in the myocardium is mainly present in the basement membrane in direct contact with cardiomyocytes, and it is one of its major components. 22 Cytoskeletal organization in muscle cells 23 and in vitro myogenic activity of skeletal muscle tissue constructs 24 also vary with the quantity of extracellular laminin.
Here we aim to show a relation between the strength of laminin binding to the surface of microposts and the contractile phenotypes of neoCMs. We covalently linked laminin to PDMS microposts, analyzed the stability of laminin attachment, and characterized micropost deflections during the contraction of immobilized neoCMs. The organosilanes 3-glycidoxypropyltrimethoxysilane (GPTMS) 25 and 3-aminopropyltriethoxysilane with glutaraldehyde (APTES glut ) 26 were bonded to oxidized microposts to covalently link laminin to the surface. These compounds have already been used to bind biomolecules to PDMS and improve adhesion of other cell types. 18 
EXPERIMENTAL SECTION
2.1. Fabrication of Elastomeric Micropost Arrays. We used PDMS microposts (20 μm in diameter and 90 μm in height) to measure the force generated by contractile neoCMs (Figure 1 ). We fabricated arrays of microposts from transparency masks following established soft-lithography techniques using PDMS double molding from similar posts of SU-8 negative photoresist on a silicon wafer ( Figure 1 ). 9 Unless indicated otherwise, we purchased SU-8 and SU-8 related materials from Microchem (Newton, MA, USA), we purchased PDMS from Dow Corning (Midland, MI, USA), and we purchased other chemical substances from Sigma-Aldrich (St. Louis, MO, USA). We used a 10 μm base layer of SU-8 beneath the SU-8 microposts to promote adhesion to silicon wafers (mechanical grade, University Wafer, Boston, MA, USA). We spin-coated SU-8 negative photoresist (SU-8 3010) on wafers for 30 s at 3500 rpm. We baked the SU-8 on a hot plate (ramp from 65 to 95°C and held for 6.5 min). We exposed the wafer to ultraviolet light for 8.5 s at 20 mW/cm 2 (OAI, San Jose, CA, USA; light source centered at 365 nm) through a high-pass ultraviolet filter (PL-360-LP, Omega Optical, Brattleboro, VT, USA) and postbaked the SU-8 (ramp from 65 to 95°C and held for 2.5 min). We dried the wafer with N 2 gas after developing the SU-8 for 4.5 min with SU-8 developer.
For the fabrication of microposts (Figure 1 ), we spin-coated another type of SU-8 (SU-8 2050) to form a 90 μm thick layer on the precoated wafer for 30 s at 1750 rpm and baked the SU-8 for 5 min at 65°C and 15 min at 95°C before ultraviolet-light exposure with a transparency mask as described above for 12 s (FineLine Imaging, Colorado Springs, CO, USA). We did postexposure baking for 5 min at 65°C and for 9.5 min at 95°C. After each baking step, wafers were placed on a hot plate at 65°C for 5 min and stored for 20 min at room temperature to promote slower cooling. We developed uncured SU-8 as previously described for 9 min. After the wafers were developed and dried with N 2 gas, we exposed the wafers at room temperature and atmospheric pressure in chlorotrimethylsilane for 3 h to minimize SU-8 adhesion to PDMS during molding. We mixed PDMS-184 (Sylgard 184) prepolymer and curing agent in a 10:1 ratio (Thinky, Laguna Hills, CA, USA), cast uncured PDMS-184 on the wafer and cured it for 24 h at 70°C. We then carefully peeled back the PDMS-184 molds. To facilitate the release of final PDMS structures from the mold, we plasma-treated molds at 66.6 Pa and 80 W in an oxygen plasma asher (Branson IPC/Novellus, San Jose, CA, USA) for 10 s and silanized as described above for 24 h. We cast-mixed 10:1 PDMS− 182 (Sylgard 182) on the molds and degassed before curing at 70°C for 24 h. We obtained micropost arrays by peeling the cured PDMS surface from the PDMS−184 molds.
Covalent Attachment of Laminin to PDMS.
We autoclaved all fabricated arrays to sterilize them before any surface modification. We diluted laminin-111 isolated from mice (BD Biosciences, San Jose, CA, USA) in phosphate-buffered saline (PBS; pH 7.2) (for GPTMS) or Milli-Q water (for APTES glut ) to a concentration of 10 μg/mL. We bound organosilanes 27 under sterile conditions to oxidized PDMS surfaces to promote covalent cross-linking of laminin to the surfaces of the microposts (Supporting Information, Figure S1 ). We oxidized PDMS micropost arrays with plasma for 20 s as previously described and incubated them for 1 h under anoxic conditions in an anhydrous methanol solution of 20% GPTMS or 5% APTES with 0.005% acetic acid. These concentrations have been shown to generate selfassembled monolayers of organosilanes on silica-based flat surfaces. 28 The silanized arrays were washed three times with methanol and three times with Milli-Q water. We further incubated APTES functionalized surfaces for 30 min in a solution of 1% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in Milli-Q water and washed them three times with Milli-Q water to functionalize surfaces with APTES glut . We incubated micropost arrays in laminin-111 solution for 2 h. Substrates were incubated three times in PBS (pH 7.2) to wash away unattached laminin.
2.3. Isolation and Culture of Mouse neoCMs. Unless indicated otherwise, we purchased all cell-culture components from Life Technologies (Grand Island, NY, USA). We isolated neoCMs from neonatal mice aged 3 d as previously described. 29 The administrative panel on laboratory animal care (APLAC) from Stanford University approved all the protocols for mice neonatal heart isolation. We sacrificed 10−12 pups for each test. We performed two tests with neoCMs in this work. We used a mix of male and female because it is hard to quickly assess gender in newborn mice. In summary, we put CD-1 strain mice (white mice originated from the caesarean derivation (CD) of a non-inbred Swiss albino mouse in 1959) to sleep with mild hypothermia for sacrifice. The hearts were excised and rapidly transferred into ice-cold calcium-and bicarbonate-free Hanks with Hepes (CBFHH) buffer. We placed the hearts in a solution of papain (Papain Dissociation System, Worthington Biochemical Corporation, Lakewood, NJ, USA) in 10 mL of CBFHH and digested them for 30 min at 37°C with mild shaking and gentle pipetting. We collected cells in a tube containing fetal bovine serum (100X) by filtering the solution through a nylon mesh and centrifuging the tube at 1000 rpm for 20 min. The resulting cells were suspended in 10 mL of neonatal mouse medium (1X Dulbecco's Modified Eagle Medium containing 5% fetal bovine serum, 10% horse serum, penicillin (25 μg/mL), and streptomycin (50 μg/mL)) and were transferred to an untreated Petri dish. We incubated the cells for 1 h at 37°C in 5% CO 2 to allow fibroblast attachment. We collected and suspended the nonattached neoCMs in neonatal mouse medium containing 1 μM cytosine-β-Darabinofuranoside to inhibit the proliferation of contaminating nonmyogenic cells.
2.4. Microscopy, Video Acquisition, and Fluorescent Labeling. We imaged neoCMs and devices using an inverted microscope (Leica Microsystems, Buffalo Grove, IL, USA) with an environmental chamber, fluorescence capabilities, and an automated stage, which allows for quantification of heights. We acquired videos (as presented in the Supporting Information, Video) and images with a CCD camera (Orca-R2, Hamamatsu, Bridgewater, NJ, USA) and MetaMorph NX2.0 software (Molecular Devices, Sunnyvale, CA, USA). We determined dimensions of images in video frames ( Figure 1 and Supporting Information, Figure S2 Samples were washed three times with PBS between steps. We mounted stained samples on glass with ProLong Gold Antifade Reagent (Life Technologies) and sealed them with clear nail polish.
To label laminin on arrays of functionalized microposts, we used immunocytochemistry (ICC) with mouse primary antilaminin antibody (Life Technologies) at a 1:100 dilution in 0.2% BSA solution in PBS after fixation in paraformaldehyde and incubation in 2% BSA. Before mounting samples, we incubated laminin-tagged microposts for 45 min in 10 μg/mL of Alexa Fluor 488 Goat antimouse antibody (Life Technologies) with 0.2% BSA solution in PBS for fluorescence labeling. Oregon Green 488 conjugated gelatin from pig skin (Life Technologies) was also covalently bound to micropost surfaces as described for laminin. For fluorescently labeled microposts, we quantified the mean fluorescence intensity on the tops of the microposts (excluding the edges) from microscope images with ImageJ 1.43u (NIH, Bethesda, MD, USA). We acquired images at constant optical and acquisition hardware and software parameters. We created a duplicate for each image and removed the edges of posts. We converted these images to binary images to get regions of interest and calculate post intensities in the original images.
2.5. Calculation of Micropost Deflections (δ t ) from Videos of Immobilized neoCMs. We acquired videos (Supporting Information, Video S1) of beating neoCMs immobilized between microposts at frame rates >45 fps with bright-field microscopy, focusing on the tops of the microposts for a maximum time of 10 s. Video postprocessing was performed with ImageJ (Supporting Information, Figure S2 ). We converted the video frames to eight-bit files and applied a threshold to obtain a dark background and dark post centers surrounded by a white region of invariable morphology. We isolated the tops of the microposts from the dark background by using a duplicate for each frame with an erased micropost region that we subtracted from the original frames. We tracked micropost position across frames with an ImageJ (NIH) multitracker plug-in, 30 which can determine the micropost position within the frame with Cartesian coordinates x i and y i . We calculated the distance in pixels of the center of microposts from the origin (p i = (x i 2 + y i 2 ) 1/2 ) for each frame i. We calculated micropost deflection (δ t ) by subtracting the minimum of p i (p 0 , no contractility) from p i (t) values. Pixel values were converted to μm from measurements with microscopy calibration. The time for each frame was calculated by dividing the frame number by the frame rate.
2.6. Calculation of Functional Parameters to Evaluate the Mechanobiology of neoCMs. For each video of contractile neoCMs, we extracted the maximum post deflection (δ max ) from the micropost deflection curves ( Figure 3 and Supporting Information, Figure S2 ). The effective frequency (f *) measures the contractility rate and was calculated from the average number of wave peaks per second in the 8−10 s deflection curve of each neoCM. Other CM biomechanical functionality parameters were also calculated:
V c * max and V r * max represent the normalized maximum velocities of contraction and relaxation, respectively, calculated by dividing the maximum velocity of contraction (VC max ) or relaxation (VR max ; Figure  3 ) by the maximum deflection (δ max ) of the microposts for each cell beat. The time between the time at which relaxation velocity is maximum and the time at which contraction velocity is maximum (t CR ) is calculated by subtracting the time of VC max from the time of VR max and is proportional to the time of individual beats.
2.7. Characterization of Surface Chemistry, Stability, and Affinity to Proteins. We semiquantified available amine groups (−NH 2 ) on the surface of APTES-PDMS with ninhydrin (SigmaAldrich; Supporting Information, Figures S3 and S4 ). We incubated surfaces in 1 mg/mL ninhydrin in ethanol for 1 h, washed with Milli-Q water, and dried under a gas stream of N 2 before measuring the surface absorption of light at 570 nm with ultraviolet−visible absorption spectroscopy (UV 1800 Spectrophotometer, Shimadzu Scientific Instruments, Columbia, MD, USA). 31 Absorption was then measured for anhydrous solutions with varying concentrations of APTES in methanol and 1 mg/mL ninhydrin to generate calibration curves relating concentration of NH 2 to absorption. We converted absorbance to (C eq ) through a calibration curve (Supporting Information, Figure S4B ) calculated from the linear regression of absorbance measurements at 570 nm of anhydrous APTES solutions with ninhydrin at set concentrations. We also semiquantified the presence of surface amine-reactive species, such as the glycidoxy group in GTPMS or the aldehyde group in APTES glut , with toluidine blue O (Sigma-Aldrich; Supporting Information, Figures S3 and S5 ). We incubated surfaces in 10 mM of NaOH in Milli-Q water for 1 h, washed with Milli-Q water, and dried with N 2 gas. Absorption measurements were performed at 660 nm, 32 and calibration was done with different solutions of toluidine. We calculated toluidine blue O C eq from the surface absorbance of 660 nm, and generated a calibration curve from absorbance measurements of known concentrations of toluidine blue O solutions. We also submitted clean and dried surfaces to contact-angle analysis (Supporting Information, Figure S6 ) (FTA 1000, First Ten Angstroms, Portsmouth, VA, USA) with deionized water to measure wettability. glut-laminin to analyze their contractile phenotypes. We utilized four assessments of protein binding to analyze the efficiency of the methods to bind laminin to PDMS and to minimize the uncertainty associated with any of each assessment. We initially performed ICC against laminin to assay the amount of laminin on the microposts. We then examined the binding of a different protein, fluorescently tagged gelatin, to the microposts. Gelatin is an extracellular matrix component used in vitro for culture of cardiomyocytes. 13 The stability of the surface chemistry over time was assessed via contact-angle analysis. Lastly, two colorimetric assays were employed to evaluate the ability of the organosilane functionalized surfaces to bind proteins and ligands.
Microposts were ICC labeled for laminin after functionalization to test differences in laminin levels between different methods of laminin functionalization. We used laminin physisorbed to plasma treated PDMS as a control. Signal intensity and surface coverage were higher on posts with covalently attached laminin (Figure 2A ). We analyzed laminin intensity on the top surface of the microposts ( Figure 2B ). Mean fluorescence intensity was more than three times higher for GPTMS laminin posts (I mean = 32.8 ± 7.6 au) than for plasmatreated posts (I mean = 9.0 ± 5.6 au; Figure 2C ). Higher amounts of laminin were detected on the surface of GPTMS posts (I mean = 32.7 ± 7.6 au) than on APTES glut posts (I mean = 23.2 ± 4.2 au; Figure 2C ), suggesting the existence of higher protein surface density on GPTMS treated microposts We used fluorescently conjugated gelatin to measure protein binding to organosilanes as an alternative to ICC staining and as a control of observed results. Nonspecific binding of fluorophores and antibodies can affect the quantification of protein levels with ICC. 34 The intensity of fluorescently conjugated gelatin scales with protein amount while avoiding noncontrollable, nonspecific interactions. 35 Fluorescently tagged gelatin was covalently attached to microposts, as performed with laminin (Supporting Information, Figure S1 ), and the fluorescence intensities on the tops of posts were also measured ( Figure S7 ). As with ICC-labeled laminin, higher fluorescence was detected on GPTMS gelatin (62.7 ± 3.3 au) than on APTES glut-gelatin posts (34.4 ± 1.5 au; p < 0.001) (Supporting Information, Figure S7B ).
The purpose of these tests is to evaluate the stability of laminin attachment to surfaces with the different functionalizations. In aqueous environments, the binding of laminin with organosilanes to PDMS surfaces may be degraded due to hydrolysis, 36 possibly affecting the cell-laminin interface over time. In addition, a portion of the observed labeled proteins may interact with surfaces via noncovalent intermolecular interactions with proteins stably attached to the PDMS surface. We sonicated the micropost arrays in PBS to induce removal of noncovalently attached protein from the surface and test these hypotheses. GPTMS gelatin microposts showed greater protein loss than APTES glut-gelatin microposts after sonication (Supporting Information, Figure S7C ), indicating that the binding of detected proteins to APTES glut surfaces is more stable. However, compared to physisorption, higher protein amounts are observed in organosilane-functionalized PDMS. Sonication of arrays of microposts with physisorbed fluorescently conjugated gelatin resulted in higher, but not complete, loss of protein from the tops of the microposts (Supporting Information, Figure S7C ).
To further test the stability of organosilane functionalization with time, contact-angle analysis was carried out on 10 different dried and clean regions of GPTMS and APTES surfaces (Supporting Information, Figure S6 ). Measurements were performed directly after surface functionalization (day 0) and after 2 d of incubation in water or anhydrous methanol. Right after functionalization on day 0, the average contact angles of GPTMS and APTES surfaces were 107.4 ± 0.1°and 97.4 ± 1.7°, respectively (p < 0.002). After 2 d in Milli-Q water, the average contact angles of GPTMS and APTES surfaces were 67.8 ± 3.3°and 100.6 ± 0.4°(p < 0.005), respectively, while these angles were 99.9 ± 5.7°and 102.1 ± 1.1°(p > 0.05), respectively, after 2 d in anhydrous methanol (Supporting Information, Figure S6 ). The contact angle of APTES surfaces did not significantly vary after incubation in any of the tested liquids. Unmodified PDMS has a contact angle of ∼100°that does not vary with time. 37 The binding ability of the functionalized material to amines in proteins was determined by colorimetric analysis with toluidine blue O (Supporting Information, Figure S3 ). The amine functionality of the dye was bound to GPTMS/APTESglut using the same process that occurs during protein binding. GPTMS or APTES glut bind amines exposed on the protein surface (Supporting Information, Figure S1 ). GPTMS contains a glycidoxy group that directly binds amines, while APTES contains an amine group that is cross-linked to available amines with glutaraldehyde (Supporting Information, Figure S1 ) (APTES glut ). APTES glut , GPTMS and O 2 treated PDMS surfaces were labeled with toluidine blue O. The density of surface-bonded dye molecules was semiquantified via ultraviolet−visible absorbance spectroscopy (Supporting Information, Figure S5 ). We used plasma-treated PDMS as a blank surface to measure the absorbance of GPTMS surfaces and APTES glut surfaces, which generated a residual toluidine signal (Supporting Information, Figure S5A ). GPTMS surfaces presented higher equivalent concentration (C eq ) (C eq = (3.3 ± 0.6) × 10 16 particles/mL) and therefore higher aminebonding potential than APTES glut (C eq = (1.7 ± 0.6) × 10 16 particles/mL) (Supporting Information, Figure S5 ) (p < 0.0001). These data suggest that GPTMS surfaces are capable of binding more laminin than APTES glut surfaces, which is consistent with our observations in the fluorescent assays.
APTES and APTES glut covalent binding to PDMS surfaces was additionally tested with a ninhydrin-based colorimetric assay (Supporting Information, Figure S3 ) that detects the presence of amines. Nonplasma-treated PDMS surfaces preincubated in APTES and plasma-treated PDMS surfaces with GPTMS, APTES, and APTES glut were tested (Supporting Information, Figure S4 ). A stronger signal was qualitatively observed on the surface of APTES PDMS (Supporting Information, Figure S4A ), indicating higher levels of amines on this surface. Quantification of amines was further performed with absorbance measurements at 660 nm of APTES-incubated PDMS surfaces after plasma treatment and incubated without plasma treatment (PDMS). On average, C eq was three times higher on APTES plasma-treated surfaces ((23.8 ± 8.3) × 10 16 particles/mL) than on APTES nonplasma-treated surfaces ((8.1 ± 5.8) × 10 16 particles/mL) (Supporting Information, Figure S4C ), indicating that amine density was higher on this surface (p < 0.0001).
Covalent Attachment of Laminin via GPTMS Increases Displacement and Contraction Velocity in neoCMs.
Laminin was covalently bound (Supporting Information, Figure S1 ) to microposts to analyze the effects of enhanced cell adhesion on the contractility of cardiomyocytes. Control surfaces were functionalized according to previously used methods for neoCM adhesion 9 in which laminin is incubated and physisorbed onto PDMS oxidized with oxygen plasma. Since our microposts have the same material and dimensions, we use micropost displacement for relative comparison of contractile phenotypes between cells. Independent of the strategy for laminin surface functionalization, neoCMs attached to the sides of the microposts ( Figure 1B) at an average height of 52 ± 15 μm (n = 15), which was calculated from the height of cell focal planes to the focal planes of the tops of the microposts.
For each test, neoCMs were simultaneously isolated and different devices were fabricated in parallel to avoid noncontrollable variability in results associated with differences in cell isolation and fabrication materials and conditions. We only analyzed singles cells, which connect two adjacent microposts. At least two cells are necessary to interconnect nonadjacent microposts and we did not analyze these cases ( Figure 1D) .
In an initial set of tests, neoCMs were cultured on micropost arrays with laminin covalently attached via GPTMS and on arrays with laminin physisorbed through incubation after plasma treatment. Cell attachment to microposts with physisorbed laminin on plasma-treated surfaces was possible after a minimum laminin incubation time of 12 h.
Videos were acquired on the second day after the neoCMs started to beat (Supporting Information, Video S1), typically 4−6 d after plating. Microposts with physisorbed laminin deflected less (δ max = 4.1 ± 0.4 μm) than microposts where laminin was covalently bound (δ max = 8.8 ± 2.2 μm; p < 0.04; Figure 4A ). We observed no difference in effective frequency ( f *) between laminin-physisorbed microposts (f * = 3.1 ± 0.4 s ) and microposts with covalently attached laminin (f * = 3.0 ± 0.5 s −1 ; Figure 4B ). The normalized maximum velocity of contraction (eq 1 in Experimental Section) was higher when laminin was covalently linked to the microposts (V c * max (GPTMS) = 37.6 ± 5.9 s −1 ; V c * max (plasma) = 30.3 ± 1.3 s −1
; Figure 4C ). We observed no differences in the normalized maximum velocity of relaxation (V r * max , eq eq 2) ( Figure 4C ). The time between the maximum relaxation velocity and maximum contraction velocity (t CR , Figure 3 ) (eq eq 3) marginally decreased when laminin was covalently linked to the microposts (t CR (GPTMS) = 0.09 ± 0.003 s; t CR (plasma) = 0.11 ± 0.02 s; p < 0.3; Figure 4D ).
Higher Stability of Laminin Covalent Attachment with APTES
glut Increases Cell Contractility with Time of Culture. We used APTES glut -mediated laminin binding (Supporting Information, Figure S1 ) as an alternative method to GPTMS-mediated binding to confirm the enhancement in neoCM performance due to covalent attachment of laminin to the functionalized substrate. In this case, we tested isolated neoCMs on microposts with laminin covalently attached via GPTMS or APTES glut . On days 1 and 2 after the onset of cell beating, parameters of contractile function were determined for beating neoCMs (Figure 3) .
Average values of δ max on days 1 and 2 were higher with microposts with GPTMS laminin than with microposts with APTES glut-laminin ( Figure 5 ), but differences between averaged samples were not significantly different (p > 0.05). On day 1, the average f * for GPTMS laminin microposts was higher than that for APTES glut-laminin microposts ( Figure 5A ). At day 2, f * decreased for GPTMS laminin microposts and increased for APTES glut-laminin microposts ( Figure 5 ). Significant differences in f * between GPTMS laminin (decrease) and APTES glut-laminin (increase) microposts may relate to the level of the surface stability of bonded laminin ( Figure 2 and Supporting Information, Figure S7 ) and organosilane (Supporting Information, Figure S6 ). Figure 6 ). V c * max increased with time for both GPTMS laminin and APTES glut-laminin . V r * max also increased with time in Figure 4 . Contractility parameters of neoCMs cultured on micropost arrays with laminin covalently attached to the surface with GPTMS (GPTMS-Lam) (n = 9) or laminin physisorbed to plasma-treated (Plasma-Lam) (n = 10) surfaces. We calculated mean micropost maximum deflection (δ max ) (A), effective frequency ( f *) (B), normalized velocities of contraction (V c * max ) and relaxation (V r * max ) (C), and time between the VR max and VC max peaks (t CR ) (D). These measurements were done on the second day after the onset of beating. Micropost deflection curves were obtained for each cell (Figure 1) , from which the functional parameters δ max , f *, V c * max , V r * max , and t CR ( Figure 3 ) were calculated. *p < 0.04. Figure 5 . Contractility parameters of beating neoCMs at days 1 and 2 after the onset of beating on microposts with physisorbed laminin after plasma treatment (Plasma-Lam) (n = 3 for day 1 and n = 2 for day 2), covalently attached laminin via GPTMS (GPTMS-Lam) (n = 5 for day 1 and n = 11 for day 2), and laminin covalently attached to gluaraldehyde linked to APTES (APTES-Glut-Lam) (n = 5 for day 1 and n = 10 for day 2). Micropost deflection curves were obtained for each cell as defined in Figure 3 and Supporting Information, Figure S2 , from which δ max (A) and f * (B) were calculated (*p < 0.04). In (A), n.s. = not statistically significant. For (B), ANOVA < 0.05 among populations at days 1 and 2. Figure 6 . Normalized maximal velocities of contraction (V c * max ) (A) and relaxation (V r * max ) (B) and time between maximal velocity of relaxation and maximal velocity of contraction peaks (t CR ) (C) of beating neoCMs at days 1 and 2 after the onset of beating. Cells were attached to microposts with physisorbed laminin after plasma treatment (Plasma-Lam) (n = 3 for day 1 and n = 2 for day 2), covalently attached laminin via GPTMS (GPTMS-Lam) (n = 5 for day 1 and n = 11 for day 2) and laminin covalently attached to gluaraldehyde linked to APTES (APTES-Glut-Lam) (n = 5 for day 1 and n = 10 for day 2). *p < 0.04, **p < 0.05 calculated with student's t test, ***p < 0.004. ANOVA p-value for any triad of presented populations >0.05. APTES glut-laminin , but did not differ in GPTMS laminin between day 1 and day 2. For GPTMS laminin , t CR did not change. For APTES glut-laminin , t CR decreased with time. All together, these results suggest that single contractions of neoCMS on APTES glut-laminin get faster from day 1 to day 2 ( Figure 6 ). We analyzed smaller samples of neoCMs on microposts with physisorbed laminin (Figures 5 and 6 ) because we obtained a small amount of contractile cells attached to these microposts.
DISCUSSION
4.1. Density and Stability of Covalently Attached Protein Depend on the Surface Properties of PDMS after Functionalization with GPTMS and APTES glut . We analyzed protein binding to PDMS to relate contractile phenotypes of neoCMs on microposts to the stability of laminin binding to PDMS. We used laminin-111 (also known as laminin-1) 38 from Engelbreth−Holm−Swarm murine sarcoma basement membrane to culture neoCMs in vitro. 29 We incubated PDMS surfaces with a laminin solution with a concentration of 10 μg/mL, following vendor recommendations to obtain an even coverage of the surface with a laminin monolayer. Different concentrations may result in a different laminin surface distribution and lead to different contractile phenotypes of neoCMs.
Compared to ICC-labeled laminin (Figure 2 ), a nonhomogeneous distribution of gelatin was observed on the tops of the microposts (Supporting Information, Figure S7A ). This difference in protein distribution may result from differences between laminin and gelatin properties that mediate intermolecular interactions. Gelatin 39 tends to self-assemble better than laminin-1 40 in these incubation conditions. Fluorescence assays with ICC labeling (Figure 2 ) of laminin or fluorescently tagged gelatin (Supporting Information, Figure  S7 ) as well as toluidine colorimetric assays (Supporting Information, Figure S5 ) indicated that double the amount of ligand was present on GPTMS surfaces relative to APTES glut surfaces (Supporting Information, Figure S5 ). However, APTES and APTES glut-protein seem to last longer on the surface. These results confirm the differences in protein density observed between ICC labeled laminin on GPTMS and APTES glut microposts. More protein is found on GPTMS surfaces than on APTES glut surfaces. However, proteins seem to be more stably attached to APTES glut . Though time-dependent variations in PDMS surfaces can occur due to continuous surface degradation from the leaching of uncured low molecular weight oligomer siloxanes from the PDMS core into the surface, 37 APTES remained stable on the surface over time in an aqueous environment, suggesting minimal effects from leaching during the incubation time. In contrast, GPTMS surfaces incubated in water chemically changed over 2 d, as revealed by the variations in contact angle (p < 0.003) (Supporting Information, Figure S6 ). Since APTES and GPTMS surface functionalizations are performed in similar conditions, we assume that PDMS oligomer leaching is not the cause of surface changes of GPTMS functionalized PDMS. A portion of proteins on GTPMS is not well attached to the surface (Supporting Information, Figure S7C ). Associated with weak binding of a portion of proteins to GPTMS surfaces (Supporting Information, Figure S7C ), these surface changes in aqueous environments may also contribute for possible differences in cell adhesion compared to APTES glut . These alterations in GPTMS surface chemistry did not occur in anhydrous methanol. The changes of GPTMS surface with water may occur due to the modification of the epoxy group to produce hydroxyl-terminated substrates or due to the rehydration of surfaces and partial removal of silanes from the surface with time. 41 From these results, we conclude that APTES surfaces are more stable than GPTMS. Without silanes, PDMS surfaces are hydrophilic after plasma treatment and undertake a hydrophobic recovery with time due to the release of low molecular weight oligomers from the PDMS core into the surface. 37 Quantitative measurements of surface properties are summarized in Supporting Information, Table S1 . Our procedures for silanization of oxidized PDMS followed previous protocols for the formation of GPTMS and APTES monolayers on silica surfaces; 41 however, our observation of two different ligand densities following GPTMS and APTES glut functionalization (Figure 2 and Supporting Information, Figure S7 ) also suggests that the surface silanization may differ between silica and PDMS. Further, oxidized PDMS surfaces after plasma treatment are different from those of glass and silica. 42 The development of multilayered silane organization or the inhibition of reactive functions 43 may contribute to the generation of different ligand densities. We did not control the orientation of laminin upon binding to surfaces. Therefore, activity of laminin interaction with cells may not be optimal for all laminin molecules throughout functionalized surfaces due to variable conformation and orientation states. The results presented here do not provide information on the conformational state of the laminin molecules on the microposts, on the availability of laminin binding sites, or on interactions of laminins with other laminin neighbors. All of these factors may influence the observed differences in the effects of GPTMS laminin and APTES glut-laminin functionalizations on neoCM contractility.
4.2. Stronger Binding of Laminin to Microposts Induces neoCMs to Generate Higher Forces. We hypothesized that the covalent attachment of laminin to the surface of microposts increases the forces generated by neoCMs and that this is due to the increased stability of cellanchorage sites to the micropost surfaces. NeoCMs were cultured on micropost arrays (Figure 1 ) with side surfaces separated by 30 μm. Murine neoCMs can be induced to elongate up to 130 μm on flat substrates 44 and thus consistently spanned the 30 μm gap between the microposts. For microposts with physisorbed laminin, cell attachment only occurred when microposts were incubated in laminin solution for a minimum time of 12 h. Surface protein deposition due to physisorption normally occurs within 2−4 h. 45 Our strategy for covalent attachment of laminin with organosilanes takes 3 h and, for this study, is faster than physisorption. Other mechanisms of laminin-surface interaction may be occurring during this process in order for cell attachment to require a minimum incubation time of 12 h. Aldehyde and carbonyl groups that can bind proteins have been identified by others on the surface of plasma-treated PDMS 46 and may covalently bind laminin in solution.
Covalent bonding of extracellular proteins to PDMS enhances cell adhesion and changes biological phenotypes. 17, 18 The observed increase in post deflections with GPTMS attachment supports this hypothesis. Covalent attachment of extracellular matrix proteins to PDMS has been shown to increase adhesion, cell spreading area and proliferation of other cell types. 17, 18 Increase in cell ligand density 47 and stronger attachments 48 to the extracellular environment lead to higher force generation. Cytoskeletal changes 18 and mechanisms that regulate the number and density of neoCM adhesion complexes 49 may cause the reported increase in force generation.
Within the myocardium, cardiomyocytes do not build, maintain and rebuild the extracellular matrix. Instead, the structure and composition of the extracellular matrix in the myocardium is remodeled by cardiac fibroblasts, 50 behavior that is also observed in vitro. 51 The synthesis of extracellular matrix proteins by neoCMs has never been well determined 52 and we assume it does not occur in this system. Therefore, the presented culture system is not be suitable for long-term cell culture, unless supporting cells are cocultured with neoCMs to remodel the extracellular environment. 50 Here we present various biomechanical phenotypes of single neoCMs as a function of substrate laminin density. When cultured on top of several microposts, neoCMs exhibit random shapes and contractility occurs isotropically with asynchronous deflection between posts. 10 The contractility of neoCMs immobilized between microposts (Figures 1 and 3 and Supporting Information, Figure S2 ) resembles the contractility of adult mature cardiomyocytes. 13 As also previously reported relative to other types of cardiomyocytes by Taylor et al., 9 immobilization of single neoCMs between microposts constrains contractility to occur along the major axis of the cells (Supporting Information, Figure S2) . Therefore, the mechanobiology of neoCMs between microposts relative to on top of several microposts 10 may better translate subcellular physiological conditions that affect cardiomyocyte contractility.
4.3. Higher Stability of Laminin Covalent Attachment Increases neoCM Contractility. Why do neoCMs cultured on arrays of microposts functionalized with laminin via GPTMS and APTES glut present different biomechanical phenotypes? The observed time-dependent variations in contractile parameters may occur due to biological changes inherent to neoCMs in culture or variations in time of laminin binding stability in the interface between PDMS surfaces and neoCMs. The contractility (beating rate and speeds of contractions), cell size, and calcium signaling of neoCMs in standard culture systems increase with time after isolation. 53−55 The composition of the cell culture media also affects variation in physiological phenotypes in neoCMs in vitro. 56 Laminin is incubated without any other proteins in solution and binds the organosilane reactive functions on PDMS surfaces before seeding neoCMs in cell culture media on arrays of microposts. Once covalently attached, laminin should not be replaced by another serum protein, as it occurs in competitive physisorption to surfaces between proteins in solution. 57 However, laminin has binding sites for other matrix proteins and can nonspecifically interact with other serum proteins present in the media. 58 These interactions may affect the adhesion of neoCMs to microposts.
Loss of GPTMS surface stability with time (Supporting Information, Figures S6 and S7 ) may induce different changes in neoCM contractility relative to APTES glut surfaces with more stable laminin adhesion. In addition, laminin functional sites that bind cells contain amino acids with free amines. 59 The binding of these regions to PDMS via organosilanes with amine-binding species may affect the interactions of neoCMs with immobilized laminins. GPTMS and APTES glut present different chemical structures that may also differently interact with laminin (Supporting Information, Figure S1B ). Proteins interact differently with surfaces of different wettability and net charge, which can affect conformation and activity of proteins on the surfaces with different contact angles as APTES and GPTMS. 60 Higher laminin density on GPTMS laminin microposts induces higher f * at day 1 ( Figure 5 ). However, loss of laminin with time induces a decrease in f * at day 2 ( Figure 5 ) and no significant changes in the other contractile phenotypes ( Figures  5 and 6 ). Higher stability of laminin attachment to APTES glut microposts induces an increase with time of f * (Figure 5 ), V c * max , V r * max , and a decrease in time of t CR ( Figure 6 ). Since we observed that proteins are more stably attached to APTES glut , our data strongly suggests that changes in the contractile phenotypes of neoCMs when cultured on APTES glut-laminin are solely a function of biological changes. Laminin-1 is not abundant in the mature heart. Different neoCM contractile phenotypes may be observed if using laminin isoforms found in a developed heart. However, laminin-1 is strongly involved in heart development 38, 61 and is also involved in cardiac regeneration. laminin and APTES glut-laminin may be a consequence of different neoCM biological changes known to occur during postnatal development 63 or of different binding mechanism to laminin between GPTMS and APTES glut . APTES glut-laminin microposts induce improved contractility of neoCMs because the beating rate (f *), maximum speeds of contraction (V c * max ) and relaxation (V r * max ) increase with time and times of contractions (t CR ) decrease with time ( Figures 5  and 6 ). Homologous changes occur with neoCMs on Petri dishes 53−55 and in postnatal development in vivo. 56, 63 The speeds of contractility and the beating rates increase, while the times of contraction decrease during in vivo postnatal development.
56, 63 Replicating variations of in vivo phenotypes, the size, contractility, and electrophysiology of neoCMs in culture are known to vary during the first 7 d after isolation. 53−55 When compared to rat neoCMs, the variation of in vitro physiological phenotypes of mouse neoCMs is less dependent on serum growth factors, 54 involving an increase with time in the contractility rate, 64 contraction velocities, 65 and a decrease of times of contraction. 65 Such changes are not observed with our microsposts treated with Plasma and GPTMS laminin . The higher stability of APTES glut-laminin -mediated cell anchorage increases the efficiency of force transfer to posts in the long term, which may lead to the occurrence of in vivo contractile phenotypes.
Taken together, our results suggest an increase in maturity of neoCMs attached to APTES glut-laminin microposts. Heart disease leads to abnormalities in the force-generation machinery, 66 contractility rate 67 and contraction and relaxation velocities. 68 Size and organization of subcellular sarcomeres relate to neoCM contractile performance 69 and may be differently organized with time in cells on our GPTMS laminin and APTES glut-laminin micropost surfaces. Cell ligand density on the substrate surface 70 
CONCLUSIONS AND FUTURE WORK
Here, we have demonstrated improved force transduction by contractile neoCMs connected to PDMS microposts following covalent bonding of laminin to PDMS surfaces with organosilanes. GPTMS functionalization resulted in a higher surface density of laminin, while APTES glut functionalization yielded the most stable laminin binding to PDMS surfaces. Stability of laminin binding in APTES glut microposts leads to an increase with time in neoCM contraction rates (f *), to maximum contraction (V c * max ) and relaxation (V r * max ) velocities, and to a decrease in time of times of contraction (t CR ). These observations are consistent with the variations in contractility of neoCMs in the first days of in vitro culture 53−55 and in vivo neonatal development. 56, 63 Our data demonstrate a useful way to more carefully control chemical cues and thus better understand mechanical data. Therefore, this strategy for covalently attaching laminin to microposts via APTES glut has great potential for the study of the mechanobiological signatures of heart health and disease in single neoCMs. Our PDMS microposts with better tunable and stable surface properties will enable future studies with a variety of extracellular components and will elucidate the interactions of basement-membrane proteins with neoCMs. 
